A cold-regulated operon, rbpAl-rpsU, encodes an RNA-binding protein and a ribosomal protein in Anabaena variabilis M3. The level of expression of this gene cluster was about ten times higher at temperatures below 30°C than at 38°C. To study the role of the RbpAl protein in vivo, we constructed insertions! disruptants of rbpAl. These strains were totally devoid of RbpAl protein but contained a normal level of the ribosomal protein S21, a product of the rpsU gene. The disruptants were morphologically normal at 38°C, but at 22°C they produced unusual cells at a low frequency. These cells were probably at an initial stage of proheterocyst formation. Various molecular events that are related to heterocyst initiation, namely, excision of the 11-kbp DNA element in nifD and the accumulation of transcripts of xisA and hetR, also occurred in the disruptants at 22°C in the presence of nitrate ions, but these events did not occur in the presence of ammonium ions or at 38°C. The results suggest that RbpAl is required for enhanced repression of heterocyst initiation at low temperatures in the presence of nitrate. Possible mechanisms of the action of RbpAl are discussed.
Microorganisms and plants are endowed with extensive flexibility that allows them to adapt to variations in environmental temperature, and such adaptation is essential for their survival. The cyanobacterium Anabaena variabilis IAM M3 is a filamentous but non-heterocystous strain of cyanobacterium, that cannot form mature heterocysts in the absence of combined nitrogen. This strain is considered to be identical to strain PCC7118 in terms of origin (Rippka and Herdman 1992) , and PCC7118 has been shown to be closely related to the heterocystous strain PCC7120 (Rippka 1988 , Sato 1995 . Anabaena M3 is able to adapt to ternAbbreviations: LA-PCR, long and accurate polymerase chain reaction; RT-PCR, reverse transcription and polymerase chain reaction. 1 To whom correspondence should be addressed. 3 Present address: Department of Physics, Osaka Medical College, Takatsuki, Osaka, 569 Japan.
peratures from below 20°C to 40°C, and it is useful as a model organism for studies of the temperature adaptation of photosynthesis. We showed previously that, at low temperatures, membrane lipids are desaturated to maintain the fluidity of membrane Murata 1982, Sato et al. 1986 ). Moreover, for the analysis of adaptation at the molecular level, several Iti (low temperature-induced) genes, whose levels of expression are enhanced by a shift from 38°C to 22°C, have been isolated (Sato 1992 (Sato , 1994 . One plasmid, pLti26, was isolated that contained the rbpAl gene for an RNA-binding protein and the rpsU gene for ribosomal protein S21 (Sato 1994) . The two genes were cotranscribed as a single operon, and expression of the 0.85-knt transcript (842 nucleotides according to the results of recent SI mapping; see updated database entry D17710) of the rbpAl-rpsU operon was shown to be regulated by low temperature: the transcript was barely detectable at 38°C, but it accumulated at 22°C and at 10°C. The level of the transcript reached a plateau at two or three hours after the shift from 38°C to 22°C, and the high level of the transcript was maintained during growth at 22°C. The transcript disappeared within 1 h after a shift from 22°C to 38°C. A recent study (Sato 1995) showed that rbpAl is a member of a gene family (the rbp family) that encodes small RNA-binding proteins and, moreover, that the levels of expression of all of eight members of the rbp family increase at 22°C. The Rbp proteins are abundant at the low temperature, accounting for 2% of the total cellular protein. All of them have higher affinities for poly(G) and poly(U) than for poly(A) and poly(C). These findings suggest that the Rbp proteins might play important roles in temperature adaptation by regulating the synthesis, function, or degradation of some specific RNAs within the cell. Homologous cyanobacterial genes were reported in Anabaena PCC7120 and Chlorogloeopsis PCC6912 (Mulligan et al. 1994) , as well as in Synechococcus PCC7942 (Sugita and Sugiura 1994) .
One approach to investigations of the role of Rbps within the cell is to generate mutants that are unable to express one or more of these Rbps and to examine their phenotypes. In the present study, we constructed mutant strains that failed to express the rbpAl gene using both M3 and 7120 as parent strains, and we found that the initiation of a pathway that lead to proheterocyst formation was affected in these mutant strains. A heterocyst is a differentiated cell, specializing in the aerobic nitrogen fixation, in cyanobacterial species in Taxonomical Sections IV and V, as denned by Rippka (1988) . The differentiation of heterocysts is normally induced when cells are deprived of combined nitrogen in their growth medium (for review, see Wolk et al. 1994) . The differentiation of heterocysts is known to involve many genetic, biochemical, physiological, and morphological changes, which occur over a period of 24-48 h after deprivation of nitrogen. A good molecular marker of this process is the removal of three regions of genomic DNA, known as "excisons", from the chromosome by site-specific recombination (excision) at a late stage of differentiation. This excision is a prerequisite for the correct expression of the genes that are involved in nitrogen fixation (Golden et al. 1985 , Carrasco et al. 1995 . The nifD rearrangement, the best-studied genomic rearrangement in cyanobacteria, is mediated by XisA recombinase, which is encoded within the "excison" itself, but the mechanism of activation of the xisA gene during heterocyst differentiation remains unknown. The activation of the hetR gene has been shown to be as an early event in heterocyst differentiation, and it is believed to be involved in the positive regulation of most or all of the genes that are expressed at later stages of differentiation (Buikema and Haselkorn 1991, Black et al. 1993) . In this study, we examined morphological markers, as well as the molecular markers mentioned above, that are characteristic of normal heterocyst differentiation in disruptants of rbpAl, and we found that the processes that lead to heterocyst formation were induced by a low temperature in these disruptants in the presence of nitrate.
Materials and Methods
Growth of cells-Cells of A. variabilis strain M3 were grown photoautotrophically at 38°C or 22°C in the C medium of Kratz and Myers (1955) . Temperature-shift experiments were performed as described previously (Sato 1992 (Sato , 1994 . Ten or fifteen milliliters of culture were removed for the extraction of RNA. One milliliter of culture was used for the extraction of proteins. Cells of Anabaena sp. PCC7120 (obtained from Dr. J. Elhai, Florida International University) were grown photoautotrophically at 34°C or 22°C in BG11 medium (Rippka et al. 1979 ) with or without NaNO 3 .
Analysis of RNA and protein-RNA was extracted from the cells and anlyzed by Northern blot hybridization with digoxygenin-labelled (DIG-labelled) probes as described previously by Sato (1995) . High-resolution immunoblot analysis of total cellular protein was also performed as described by Sato (1995) .
Probes-The npt probe was a A7>al-fragment of pRL161 (obtained from T. Omata, Nagoya University) that contained the gene for neomycin phosphotransferase from Tn5 (C.K1; Elhai and Wolk 1988a) , and had been labelled with DIG by the random primer method. The rbpAl probe was described previously (Sato 1995) . The rpsU probe was labelled with DIG by amplifying the coding region by PCR. The entire insert of pLti26 (Probe 26) was labelled with DIG by PCR using T3 and T7 primers.
Disruption mutagenesis-The npt cassette from pRL161 was inserted at the Xbal site or the Hpal site within the insert of pLti26 (Sato 1994) , and then the construct was inserted into pRL271 (Black et al. 1993 ), a suicide plasmid that harbors the sacB gene, which confers sensitivity to sucrose. The resultant plasmids were transferred to Anabaena (strains M3 and 7120) with pRL528 as the helper plasmid (Elhai and Wolk 1988b) . Double recombinants were selected on BGU plates that contained neomycin (30/zgmr 1 ) and sucrose (7%).
DNA was extracted from the putative transformants by the method of Golden et al. (1987) , which includes digestion of cells with lysozyme and purification of DNA with glass powder (Geneclean II kit; BiolOl, La Jolla). Double recombinants were confirmed by Southern analysis (strains Kl and K8) or by PCR (strain Kl-7).
Analysis of ribosomalproteins-The analytical methods were essentially the same as those published previously (Wada 1986 ). The results of a detailed analysis of the ribosomal proteins of Anabaena will be published elsewhere (Sato et al., submitted for publication; Tanaka et al., in preparation) . In brief, 70S ribosomes were prepared by differential centrifugation. Ribosomal proteins were extracted by the acetic acid method and then analyzed by radical-free and highly reducing two-dimensional gel electrophoresis. The gel was stained with amido black 10B and then subjected to densitometry.
Microscopy-Cells were fixed in 0.5% glutaraldehyde and then stained with 0.67 fig ml" 1 4',6-diamidino-2-phenylindole (DAPI). A fluorescence microscope (model BH-2; Olympus, Tokyo) equipped with a UV filter assembly was used.
LA-PCR analysis-Genomic DNA (about 0.2//g per 50-/J1 reaction), prepared as described above, was used to amplify the nifD gene (with or without an 11-kbp excision element) by LA-PCR with a kit from Takara (Kyoto). The following primers were used: nifD-F, 5-ACACTAGTTTGGAAGAACAATACGGTAT-GCCT-3'(nucleotides 2080-2107 in V01482 and J01537); nifD-R, 5-TATCTAGATAGCAAATCCCGTCGTAACCGTGAT-3'(nucleotides 293-267 in M28153). The underlined bases were included to create restriction sites for future studies. The temperature program for PCR was: 95 C C for 3 min, then 30 cycles of 95°C for 20 s plus 68°C for 15 min.
R T-PCR analysis-Transcripts of xisA and hetR were analyzed by RT-PCR. Total cellular RNA was isolated as described previously (Sato 1995) . The RNA (2j/g) was treated with DNase I (Pharmacia, Uppsala) for 20 min at 37°C and then purified with an RNA-specific gel matrix (RNaid; BiolOl). The purified RNA (8 ft\ of a 10-/A reaction mixture) was reverse-transcribed with a First-strand cDNA synthesis kit (Pharmacia) and a mixture of hetR-R and xisA-R primers (see below). A dilution series of cDNA (10""' to 10~") and RNA (10"' and 10"
2 ) was prepared and used for PCR with either hetR-F and hetR-R or xisA-F and xisA-R as primers. The sequences of these primers were: hetR-F, 5'-ATGAGTAACGACATCGATCTGATCAAGC-3' (1152-1179 in M37779); hetR-R, 5-ATTCACTCTGGGTGCTTAATCTTCTT-TTCTAC-3' (2066-2035 in M37779); xisA-F, 5-ATGAGAAC-AAAAGTACTACAAGACCTAGAC-3' (261-290 in M13161); and xisA-R, 5-CTAAAATATGCGCTCTAATTGCCCAGC-3' (1325-1299 in M13161). The temperature program was 94°C for 3 min, then five cycles of 92°C for 45 s, 50°C for 1.5 min and 72°C for 2 min, then 25 cycles of 92°C for 30 s, 55°C for 2 min and 72°C for 2 min, and finally one cycle at 72°C for 5 min.
Results and Discussion
Characterization of the expression of the rbpA 1-rpsU operon-The essential features of the regulation of expression of the rbpAl-rpsU transcript in strain M3, as determined by Northern analysis, are shown in Figs. IB and 1C (lanes 1-2). The 0.85-knt transcript of the rbpAl-rpsU operon, which was detected with both the rbpAl probe and the rpsU probe, accumulated during the second hour after the temperature shift to 22°C (lane 2). As shown in a previous report (Sato 1994) , the level of this dicistronic transcript was about 10 times higher at 22°C than at 38°C. In addition, a 0.30-knt transcript was detected with the rpsU probe, and this shorter transcript was more abundant at 38°C than at 22°C (Fig. 1C) . This result suggests that there is an additional monocistronic transcript of the rpsU gene, whose level is regulated in a manner different from that in which the dicistronic transcript is regulated. We postulated, therefore, that rbpAJ could be inactivated without any serious reduction in the level of expression of rpsU.
Disruption mutagenesis of the rbpAl gene-A neomycin-resistance cassette (npt) from Tn5, which has its own promoter but lacks the site for transcription, was inserted either into the Xbal site (129 bases from the 5'end) within the 5' untranslated region (to yield strain K8) or into the Hpa\ site within the coding region (to yield strain Kl) of the rbpAl gene of strain M3 ( Fig. 2A) . In both constructs, npt was placed in the same orientation as the orientation of rbpAl so that the disruption of rbpAl would not affect the expression of the rpsU gene. Southern analysis (Figs. 2C, D) showed that the npt gene was integrated into the genome as expected (Fig. 2B ) such that the wild-type copy of rbpAl was eliminated. Both disruptant strains grew well at 38°C although the cells were visibly greenish-yellow, as compared to the blue-green of the wild type. The absorption spectra (Fig. 3A) indicated that altered color was due to a significant loss of phycocyanin (absorption maximum, approximately 630 nm). A similar loss of phycocyanin was also observed in the disruptant (Kl) cells grown at 22°C (Fig. 3B) . However, the level of phycocyanin (relative to chlorophyll, as judged from the absorbance at 630 and at 680 nm) in the disruptant was not significantly affected by the growth temperature or by the nitrogen source (ammonium or nitrate ions).
Northern analysis (Figs. 1A-C, lanes 3-6) showed that the 0.85-knt transcript of the rbpAl-rpsU operon was no longer detectable in the Kl and K8 disruptants. In Kl, a fusion transcript of the rbpAL.npt gene was detected as a cold-regulated transcript (open arrowhead). This result indicates that the npt gene acted as a cold-regulated reporter after it had been inserted at the Hpal site. By contrast, the level of the /?/?/-containing transcript was not clearly regulated by temperature in K8, in which npt had been inserted at the Xbal site within the 5'-untranslated region. These results are consistent with the results of our recent promoter analysis with lacZ fusions (unpublished results), which suggested that the Xbal site is located within the cis-acting element that is required for regulation by low temperature. The regulation by temperature of npt in Kl also suggests that rbpAl itself is not involved in the cold regulation of rbpAl. and the disruptants (Kl and K8) that were probed with polyclonal antibodies against RbpAl. As reported previously (Sato 1995) , eight bands corresponding to the products of various members of the rbp gene family were detected with the antibodies at high resolution (Fig. 4A) . The band that co-migrated with authentic RbpAl was absent in the case of both Kl and K8. In M3, the RbpAl protein was present at a low level at 38°C and it gradually became more abundant over a 24-h period after a shift to 22°C. In Kl (Fig. 4B) , a 21-kDa fusion protein, consisting of the amino terminal half of RbpAl and the carboxyl terminus of a non-functional transposase (encoded in frame at the 5'-terminus of the npt cassette, which is derived from IS50L of Tn5; See Elhai and Wolk, 1988a ; and database entry U00004 = LI9385) was synthesized and regulated by low temperature, whereas no RbpAl was detectable in K8. This result was unexpected because the npt-rbpAl transcript had been detected in K8, albeit at a low level (Figs. 1 A, B) . This finding suggests that the synthesis of RbpAl was arrested at the translational level in this particular construct for some unknown reason. The expression of other members of the rbp family was qualitatively unaffected by the disruption of rbpAl. Thus, most of the Rbp proteins accumulated in a similar manner, but not identically, after the shift in temperature in both wild-type cells and disruptant cells.
Since rbpAl is part of a dicistronic operon, we examined the effect of disruption of rbp AI on the expression of rpsU. The transcripts that hybridized to the rpsU probe were present as smears at a low level on blots of RNA from both Kl and K8 cells grown at 38°C and at 22°C (Fig. 1) . Intense signals appeared at the edges of the bands of rRNA, but this uneven distribution of hybridization signals was an artefact that is often observed in RNA-blot analysis of prokaryotic mRNA. The monocistronic mRNA for rpsU was also detected in the disruptants at slightly reduced levels, but the mobility of the band varied slightly depending on the presence of low-molecular-weight contaminants in the preparations of RNA. Finally, analysis of the ribosomal proteins from K8 grown at 22°C revealed that S18, S19, S20, S21 (the product of rpsU) and L30 were present at an equimolar levels (Fig. 5) . We showed recently that the number of copies of S21 per ribosome was one at 22°C, while it was reduced to only one-third at 38°C in the parental strain M3 (Sato et al., submitted for publication). Therefore, the number of copies of S21 in K8 was judged to be normal at 22°C. These results suggest that the expression of rpsU, and thus, the synthesis of S21 persisted in the rbpA 1-disruptant, although the levels might not have been totally normal, and that the phenotypes of the disruptants could be attributable to the defect in expression of rbpAl. 
Cold-induced morphological changes in rbpAl cells
-The mutant strains Kl and K8 grew at 38°C with no serious problems, with the exception that the cells contained reduced amounts of phycocyanin. Microscopic observations confirmed that the morphology of K8 cells (Fig. 6C ) was similar to that of cells of the parental strain M3 (Fig. 6A) . After a shift to 22°C, cells with an unusual appearance were detected at a low frequency in the culture of K8 cells (Figs. 6D-F) but not in that of M3 cells (Fig. 6B) . This change became apparent about 24 h after the temperature shift, and it became marked, as shown in Fig. 6 at about the 72nd hour. Such unusual cells occurred with fairly regular spacing and were often found at the termini of trichomes (Fig. 6F) . These cells had lost most of their photosynthetic pigments, as indicated by the loss of red fluorescence; they were spherical in shape and, thus, they resembled heterocysts of strain 7120 (Wolk et al. 1994; Figs. 6G, H) . Since the cell wall of the unusual cells of K8 was not as thick as that of true heterocysts, the unusual cells appeared to have been arrested before or at the proheterocyst stage. Another mutant strain, Kl, also produced unusual cells at 22°C (not shown). In lanes 2-10, total cellular protein (20 ^g lane" 1 ) was subjected to electrophoresis on a 20% polyacrylamide gel (32 cm in length) and then transferred to a polyvinylidene difiuoride (PVDF) membrane, which was then probed with polyclonal antibodies (IgG) against RbpAl. Lanes 2-4, strain M3; lanes 5-7, strain Kl (rbpAT); lanes 8-10, strain K8 (rbpAl~). Lanes 2, 5, and 8, 38°C; lanes 3, 6, and 9, 2 h after a shift in temperature to 22°C; lanes 4, 7, and 10, 24 h after a shift in temperature to 22°C. The position of the RbpAl protein is shown by an open arrowhead. B. Analysis on a mini-gel. Five micrograms of total protein were loaded in each lane. Lanes 2-10 correspond to lanes 2-10 in panel A. The band of a 21-kDa fusion protein is indicated as "fusion".
Rearrangement of the nifD gene-We analyzed the occurrence of a genomic rearrangement that is known to be specific to heterocysts (Fig. 7A) . Since the genomic sequences of strains M3 and 7120 are highly homologous (some rbp genes are 100% identical; Sato 1995), we attempted to amplify the 11-kbp excision element in nifD by PCR with primers designed according to the sequence from Anabaena 7120. The results of LA-PCR (Fig. 7B, lanes 1-4) showed that the excision of the 11-kbp sequence had occurred in 7120 cells that had been grown in the absence of nitrate ions, at 34°C and at 22°C. At 22°C, the rearrangement could be detected after growth in the presence of nitrate but only at a very low level (the very faint band in panel C, lanes 3 and 12). The rearrangement was not detected in strains M3, Kl and K8 that had been grown at 38°C with nitrate ions (lanes 5-7). At 22°C, however, the excision was clearly detected in Kl and K8 (lanes 9 and 10). We have no definite explanation for the rare rearrangement of nifD observed in the cultures of 7120 and M3 cells at 22°C. It is possible that the rearrangement occurs at a very low fre- Fig. 5 Two-dimensional gel-electrophoretic analysis of ribosomal proteins from strain K8 after growth at 22°C. The complete catalog of the ribosomal proteins of Anabaena will be published elsewhere (manuscript in preparation). The identity of the S21 protein was established by amino-terminal sequence analysis (Sato et al., submitted for publication). The nomenclature of other ribosomal proteins is tentative, and these proteins do not correspond to the proteins from E. coli with the same designations. The relative number of copies of five selected ribosomal proteins were calculated as described previously (Wada et al. 1993) .
quency in vegetative wild-type cells in the presence of nitrate. A more plausible explanation is that differentiation takes place at a very low frequency in wild-type cells in the presence of nitrate.
rbp A1 ~ derivatives of strain 7120-The parental strain M3 (originally identical to strain 7118) was a non-heterocystous variant that was able to initiate heterocyst formation but was unable to complete the formation of mature heterocysts (Elhai and Wolk 1990 ). This situation might explain why the rbpAl~ disruptants formed proheterocyst-like cells rather than mature heterocysts (Figs.6D-F) . We suspected that it might be possible to generate a mutant that would form mature heterocysts at a low temperature, in the presence of combined nitrogen, if we were to use a heterocystous strain for generation of disruptants. Therefore, we generated rbpAl~ disruptants of the heterocystous strain 7120. The insertional disruptant Kl-7, a counterpart of Kl, did develop unusual cells at 22°C in the presence of nitrate ions (Figs. 61, J) . These unusual cells resembled true heterocysts of the same strain (Figs. 6K, L) in the absence of nitrate. In other words, the thickening of cell walls was apparent when cells were grown with nitrate ions at 22°C (Fig. 6J) . The nifD rearrangement was also clearly detected in Kl-7 at 22°C (Fig. 7, lane 14) in the presence of nitrate ions. We were unable to identify the ultimate stage of development of these Kl-7 cells. Nevertheless, it was clear that rbpAT disruptants of both M3 and 7120 cells were able to initiate the differentiation of heterocysts in the presence of nitrate ions at a low temperature.
Effect of the nitrogen source on the nifD rearrangement-Since it is generally known that heterocyst formation, as well as the response to nitrogen deficiency, is better repressed by ammonium than by nitrate ions (Wolk et al. 1994) , we examined whether ammonium ions could repress the nifD rearrangement in the Kl disruptant (Figs. 7B, C,  lanes 15 and 16) . Ammonium ions clearly repressed the nifD rearrangement at 22°C. We also analyzed the effects of ammonium ions on strains M3 and Kl more systematically by varying the temperature (Fig. 8A) . The results indicated that the nifD rearrangement did not occur in M3 cells at 38 or at 22°C, with nitrate or ammonium ions as the nitrogen source. In strain Kl, the nifD rearrangement was detected only at 22°C in the presence of nitrate.
Expression ofxisA and hetR-Since the nifD excision is catalyzed by the XisA recombinase that is encoded within the 11-kbp excison itself, we examined whether expression of xisA was induced in the rbpAl~ mutants at low temperature. This analysis was performed by RT-PCR because the level of the xisA transcript had been reported to be extremely low (Brusca et al. 1990 ). Indeed, this transcript has never been detected by traditional hybridization. To detect very low levels of RNA, we treated the preparation of RNA with DNase I and purified it on an RNA-specific gel matrix (RNaid) before using it for reverse transcription and PCR. cDNA at several different dilutions (10~' to 10~4) was used in the PCR. We also included samples of RNA without reverse transcription at dilutions of 10"' and 10~2 in the set 10 pm Fig. 6 Morphology of the parental and the rbpAT strains. A, M3 at 38°C; B, M3 at 22°C (3 days); C, K8 at 38°C; D-F, K8 at 22°C (3 days); G and H, PCC7120 grown without nitrate ions at 22°C; I and J, Kl-7 grown with nitrate ions at 22°C; K and L, Kl-7 grown without nitrate ions at 22°C. Panels E, H, J and L are phase-contrast images. Other panels are fluorescence micrographs of cells after staining with DAPI. Photosynthetic pigments (chlorophyll and phycocyanins) emit red fluorescence, while DNA stained with DAPI emits blue-white fluorescence. of PCRs to determine the level of contaminating genomic DNA in the preparation of RNA. Figure 8B shows only results at appropriate dilutions. The 1.0-kbp product was the expected product of amplification, while smaller fragments were products of mis-priming. The results of RT-PCR indicated that the xisA transcript was present at a very low level, if at all, in the parental strain M3, regardless of whether the growth temperature was 38 or 22°C and whether the nitrogen source was ammonium or nitrate ions (Fig.8B, lanes 1-12) . In the disruptant Kl, a significant (about ten-fold higher) level of the xisA transcript was detected exclusively after growth at 22°C in the presence of nitrate ions (lane 23). We also confirmed that the 1.0-kbp band appeared when the 7120 cells were deprived of combined nitrogen in the medium (data not shown). These results were consistent with the results for the nifD rearrangement described above, and they suggested that the nifD rearrangement observed in disruptant cells that had been grown with nitrate ions at low temperature was mediated by activation of the expression of xisA. It remains unclear why the xisA transcript was detected under other conditions at a low level.
We also analyzed the level of the hetR transcript since hetR is the gene that is activated first among the genes that are known to regulate heterocyst differentiation (Buikema and Haselkorn 1991) and, hence, the nifD rearrangement. We used RT-PCR to detect the hetR transcript (Fig. 8C) . The level of this transcript was 10 times higher than that of the transcript of xisA, as judged from the dilution of template cDNA. The results were essentially similar to the results of our analysis of xisA: namely, the hetR transcript was not detected or was detected at a very low level (equiva- . These results are consistent with the hypothesis that all the above-mentioned aspects of the phenotypes of the rbp AT disruptants grown at 22°C in the presence of nitrate ions were the result of activation of expression of the gene hetR. Probable role of RbpAl-The present study showed that the disruption of a cold-regulated gene, rbpAl, resulted in the unusual and cold-dependent initiation of the pathway that leads to proheterocyst differentiation. The available data suggest that activation of the expression of hetR is involved in this initiation. The action of the rbpAl gene is clearly necessary for the normal vegetative growth of Anabaena at temperatures below 30°C when nitrate ions are supplied as the nitrogen source. It remains to be determined why ammonium ions repress completely the expression of hetR, as well as other events in the pathway of heterocyst differentiation, in the disruptants ofrbpAl. Ammonium ions repress cellular responses to nitrogen deficiency more effectively than do nitrate ions, but we still do not know whether ammonium ions act more potently via a single mechanism of repression or whether ammonium ions can repress responses to nitrogen starvation via multiple mechanisms. More information about the network that regulates utilization of nitrogen is necessary before we can interpret the effects of ammonium ions.
How does RbpAl regulate the expression of the hetR gene in a temperature-dependent manner in the presence of nitrate ions? Figure 9 shows two possible models of the regulation of heterocyst differentiation by temperature and rbpAl, chosen from various more complicated models. An essential point is that ammonium ions completely repress the activation of the differentiation pathway, while nitrate ions have only a partial repressive effect. Moreover, the action of the product of the rbpAl gene is equivalent to the action of high temperature. This situation is reasonable if (Fig. 7A) is indicated by an open arrowhead. B. Accumulation of the xisA transcript. The 1.0-kbp product of RT-PCR is indicated by an arrowhead. The "cDNA dilution" refers to the template for PCR: R, RNA without reverse transcription at ten-fold dilution; 1, cDNA at ten-fold dilution; 2, cDNA at 100-fold dilution. C. Accumulation of the transcript of hetR. The 0.9-kbp product of RT-PCR is indicated by an arrowhead. The "cDNA dilution" refers to the template for PCR: R, RNA without reverse transcription at 100-fold dilution; 2, cDNA at 100-fold dilution; 3, cDNA at 1,000-fold dilution. Note that a weak signal appears in the case of both R and 2 (lanes 1 and 2, or lanes 7 and 8, etc.), which indicates that the signal after RT-PCR was largely due to contaminating genomic DNA and not to RNA. we assume that the binding of an RNA-binding protein to RNA can prevent the formation of the complex secondary structure of the RNA which is, otherwise, more stable at lower temperatures. We propose that formation of a specific secondary structure by RNA is crucial during the signal transduction pathway that is triggered by nitrate ions. The unfolding of this secondary structure can be achieved at high temperature without the involvement of RbpAl. At low temperature, RbpAl accumulates to unfold the secondary structure of the target RNA. This scheme is represented by a box surrounded by broken lines in each model in Fig. 9 .
In a simple sequential model (Fig. 9B) , a regulator enhances the inhibitory action of nitrate ions on the expression of hetR and heterocyst differentiation. The synthesis of this regulator is assumed to be regulated by temperature and the product of the rbpAl gene. In other words, unfolded RNA is assumed to be active in translation, and the unfolding is mediated by high temperature or the product of rbpAl. In another model (Fig. 9A) , the regulation by temperature and RbpAl is assumed to be integrated into a positive feedback circuit as a damping factor. A positive feedback circuit is theoretically unstable without a damping or degradation pathway since just a minimal input, due to models. It is crucial to determine whether the product of rbpAl mediates the unfolding of RNA and/or accelerates degradation of RNA. It is most important also that we determine the target RNA sequence(s) of RbpAl. We are currently determining the binding specificity of RbpAl, which might differ from simple sequences such as oligo(U) or oligo(G).
